The intestinal microbiota is associated with human health and diseases. The luminal microbiota (LM) and the mucosal-associated microbiota (MAM) are 2 distinct ecosystems with different metabolic and immunological functions. Aim: To characterize the intestinal LM and MAM in humans using high throughput sequencing of the 16S rRNA gene. Methods: Fresh fecal samples and distal colonic mucosal biopsies collected from 24 healthy subjects before (fecal) and during (mucosa) a flexible sigmoidoscopy of an un-prepared bowel. High throughput sequencing of the 16S rRNA gene was used to characterize bacterial communities. Sequences were processed using the QIIME pipeline. Results: LM and MAM populations were significantly different (ANOSIM: R D 0.49, P D 0.001). The LM displayed tighter clustering compared to the MAM (average weighted UniFrac distances 0.27 § 0.05 vs. 0.43 § 0.09, P < 0.001, respectively), and showed higher diversity (Shannon diversity index: 4.96 § 0.37 vs 4.14 § 0.56, respectively, P < 0.001). The dominant phyla in the LM and MAM were significantly different: Firmicutes (41.4% vs. 29.1%, FDR < 0.0001, respectively), Bacteroidetes (20.2% vs. 26.3%, FDR < 0.05, respectively), Actinobacteria (22% vs. 12.6%, FDR < 0.0001, respectively) and Proteobacteria (9.3% vs. 19.3%, FDR < 0.0001, respectively). The abundance of 56 genera differed significantly (FDR < 0.1) between the 2 niches. All of the genera in the fecal microbiota were present in the MAM while 10 genera were found to be unique to the MAM. Conclusion: The LM and MAM are distinct microbial ecosystems that differ significantly from each other in microbial diversity and composition. These two microbial niches should be investigated independently to better understand the role of the intestinal microbiota in health and disease.
Introduction
Emerging data implicate the importance of the intestinal microbiota with human health and suggest that alterations in the intestinal microbiota have a role in the pathogenesis of gastrointestinal (GI) and non-GI diseases. 1 The intestinal microbiota is a complex community of bacteria, archaea, viruses and eukarya. The wide variety of the bacterial species in the GI tract exert numerous effects on the host and influence a variety of GI functions including metabolic activity, immune responses and motor-sensory functions. 2, 3 The intestinal microbiota consists of 2 separate microbial populations, the luminal microbiota (LM) and the mucosal-associated microbiota (MAM). [4] [5] [6] Studies investigating the intestinal microbiota in humans have often used fecal samples because they are easily collected and only a few studies have investigated the MAM. [7] [8] [9] [10] [11] [12] Recent studies comparing the two microbial ecosystems demonstrated compositional and diversity differences between fecal microbiota (representing the luminal niche) and MAM in humans 4, 10, 12 suggesting different roles for these two distinct microbial populations within the intestinal microbiota ecosystem. However, the majority of the studies that investigated the MAM in humans were performed on mucosal samples collected from the large bowel following bowel preparation for endoscopic procedures [7] [8] [9] [10] [11] [12] [13] [14] [15] which has been shown to significantly affect the composition of the mucosal microbiota. 15 Furthermore, the majority of studies that specifically investigated the MAM in humans have used non-sequenced based microbiology techniques such as microbial culture, qPCR 12, 16 and terminal restriction fragment length polymorphism (T-RFLP). 17, 18 To our knowledge there has been no study that investigated and directly compared the two microbial populations of the intestinal microbiota from unprepped bowels in humans using deep sequencing technology. Thus the degree to which the composition of the LM differs from the MAM in humans remains unclear.
The goal of the present study was to investigate and compare the intestinal luminal-and mucosal-associated microbiota in humans. We used high throughput pyrosequencing of the bacterial 16S rRNA gene to characterize the fecal-and mucosal-associated microbial communities and examine how these microbial communities differ in regard to their overall microbial richness, diversity and relative abundances of taxa.
Results

Study population
We investigated a total of 24 subjects. All subjects provided a fecal sample and 20 subjects also provided a colonic mucosal sample. The study population consisted of 79.2% females with a mean age of 34 (21-58) years and a body mass index (BMI) of 26.3 (18.1-53) kg/m 2 .
Analysis of the microbial richness and diversities A total of 413,669 16S rRNA sequences were obtained from the V1-3 16S rRNA gene regions, with an average of 9,401 reads per sample in the whole cohort (range: 871-47,053). The average number of reads per sample in the stool and mucosal samples was 9,185 and 9,661 respectively.
Rarefaction curves showed a significant higher bacterial community richness in the fecal compared to the mucosal samples (Fig. 1A) . Similarly, the Shannon diversity index showed that the diversity of the fecal microbiota was significantly higher than that of the MAM (4.96 § 0.37 vs 4.14 § 0.56, respectively, P < 0.001) (Fig. 1B) . Additionally, the fecal microbiota displayed significantly tighter clustering compared to the MAM with average weighted UniFrac distances of 0.27 § 0.05 vs. 0.43 § 0.09, P < 0.001, respectively (Fig. 2B) . However, a significantly less tighter clustering in fecal microbiota compared to the MAM was found using unweighted UniFrac analysis with average distances of 0.64 § 0.02 vs. 0.62 § 0.02, P < 0.01, respectively (Fig. 2D) .
Taxa analysis
The fecal microbiota and MAM were found to be significantly different (ANOSIM, weighted: R D 0.49, P D 0.001; unweighted: R D 0.71, P D 0.001) ( Fig. 2A and C) . Further comparisons of the proportions of dominant bacterial taxa (taxa that appear in at least 25% of samples) between the fecal and mucosal microbiota revealed significant differences in the abundance of dominant phyla: Firmicutes 41.4% vs. 29.1%, FDR < 0.0001, respectively), Bacteroidetes (20.2% vs. 26.3%, FDR < 0.05, respectively), Actinobacteria (22% vs. 12.6%, FDR < 0.0001, respectively) and Proteobacteria (9.3% vs. 19.3%, FDR < 0.0001, respectively), as depicted in Figure 3 .
The dominant taxa were comprised of 68 genera. Only 11 genera (Streptococcus, Blautia, Coprococcus, Dorea, Ruminococcus, Eubacterium and Faecalibacterium) were found in all 44 samples. The abundance of 56 genera differed significantly between the 2 niches. All genera encompassed within the Proteobacteria (n D 9) and Bacteroidetes (n D 6) phyla and most genera within the Firmicutes phyla (23 out of 34) were more abundant in the MAM niche compared to the LM while all genera within the Actinobacteria (n D 6) phyla were more abundant in the LM Figure 4 . A list of taxa abundances at the genus level is detailed in Table 1 . In addition, 10 genera were found to be unique to the MAM; however, all of the genera (of the dominant taxa) found in the fecal microbiota were also present in the MAM. The relative proportion of some genera was more than 10 times higher in the MAM compared to the fecal microbiota, these included-Finegoldia, Anaerococcus and Peptoniphilus.
The five genera within the MAM that exhibited the highest average proportion were Bacteroides (3.9%), an un-annotated genus from the Ruminococcaceae family (3.7%), an un-identified genus of the Lachnospiraceae family (3.54%), an un-annotated genus from the Clostridiales order (3.25%) and Blautia (2.88%). In contrast, the dominant genera from the fecal microbiota included: an un-annotated genus from the Ruminococcaceae family (5.34%), an un-identified genus of the Lachnospiraceae family (5%), an un-annotated genus from the Clostridiales order (4.78%), Blautia (4.72%), and Coprococcus (4.4%).
Correlation analysis
Correlation analysis on the abundance of genera in the fecal microbiota and MAM revealed that 17 genera significantly correlated between the two niches ( Table 2) . Among these genera, the two most prominent correlations Figure 1 . Microbial richness and diversities of fecal and mucosal associated microbiota. (A) Rarefaction curves demonstrating an increased diversity for fecal bacteria. Sequences were rarefied at 10 sequencing depths. The average number of the observed OTUs for each sequencing depth is presented. (B) Shannon diversity index for fecal and mucosal samples from healthy individuals: the diversity was significantly higher in fecal samples compared to mucosal samples. Data are presented as mean § Standard deviation of the mean for each of the niches; student's t test was calculated using GraphPad prism for unpaired normally distributed samples.
belonged to the Actinobacteria phyla, and to the Coriobacteriaceae family: these included-Collinsella (r D 0.92, FDR < 0.0001), Adlercreutzia (r D 0.85, FDR < 0.0001). However, some genera from all major phyla (Firmicutes, Bacteriodetes, Proteobacteria, and Verrucomicrobia) were found to be correlated between the two niches.
Functional genes analysis
PICRUSt predicted that 34 functional gene categories significantly differed between the 2 niches (FDR < 10%). Within the mucosal adherent bacteria niche there was an increased proportion of genes responsible for bacterial invasion into epithelial cells, protein digestion, and fatty acids metabolism. A complete list of genes categories that differed between the niches is presented in supplemental Table 2 .
Discussion
Previous studies comparing human fecal and mucosal microbial ecosystems suggest diversity and compositional differences between these 2 distinct niches. 10, 12, [16] [17] [18] However, these previous studies were performed on mucosal samples collected following bowel preparation for endoscopic procedures 10, 12, [16] [17] [18] or used non-sequenced based microbiology techniques. [16] [17] [18] Thus, we sought to add to the current knowledge by conducting a deep sequencing analysis on mucosal samples from unprepped colons and fecal samples collected from all participants at the same day of the study visit. Our study included a cohort of healthy individuals that were carefully screened to exclude GI diseases, chronic symptoms, and recent use of interventions (e.g., antibiotics, probiotics, antidiarrheal, promotility and anti-inflammatory agents) that can alter their intestinal microbiota.
In a previous study we used T-RFLP to compare the fecal and mucosal microbiota from unprepped colons of 16 patients with D-IBS and 21 healthy controls. 17 We demonstrated a significantly higher level of microbial biodiversity in the fecal microbiota compared to MAM within both, samples collected from the D-IBS patients and samples collected from healthy controls. The increase in biodiversity in fecal compared to mucosal samples was greater in the healthy controls than in D-IBS patients. Another study using T-RFLP compared bacterial diversity and composition from rectal swabs and rectal mucosal biopsies from unprepped colons of 11 healthy volunteers. 18 This study also found that the overall microbial diversity was higher in rectal swabs compared with rectal biopsies. Consistent with these studies our current study, using high throughput sequencing of the 16S rRNA gene, demonstrates higher levels of microbial richness (based on the number of observed species) and diversity (based on the Shannon index of diversity) in fecal samples compared to mucosal samples from healthy individuals (Fig. 1) . Additionally, weighted Unifrac distances exhibited tighter clustering within fecal samples compared to the mucosal samples (Fig. 2) . UniFrac distances represent the fraction of branch length shared by any 2 samples' communities in a 16S rRNA-based phylogenetic tree generated by sequence data obtained from all samples. Weighted UniFrac analyses indicate microbiota community differences between sample groups due to differences in relative taxon abundance, whereas unweighted UniFrac analyses indicate community differences between sample groups based on the presence or absence of taxa. 19 This suggests that despite high diversity levels, there is also higher similarity of dominant OTUs among fecal samples compared to mucosal samples. Our study also supports the notion that the LM and MAM are distinct niches in terms of bacterial composition (Fig. 3) . The dominant genera were different between the fecal microbiota and MAM. Out of 68 dominant genera, the proportion of 56 genera differed significantly between the 2 niches. Interestingly, of the genera that were more abundant in the MAM (n D 26) compared to the fecal microbiota, some were more than 10 fold higher, suggesting that these genera may be of greater importance at the mucosal level where their microbiologic, metabolic and/or immunologic effects may be more pronounced. In addition, it is important to note that while all of the dominant genera that were found in the fecal microbiota were also present in the MAM, certain dominant genera were represented solely at the MAM niche. This suggests that while studying the intestinal microbiota with the current technologies (down to the genus level) sampling and analyzing the fecal microbiota may not be sufficient as additional information can be generated when the MAM niche is studied. This principle was illustrated in determining dysbiosis in newly diagnosed IBD patients. 10 Furthermore, our study also suggests that when investigating specific genera within the intestinal microbiota, one of the niches (LM or MAM) may be more informative than the other. For instance all genera belonging to the Proteobacteria phylum are more abundant at the MAM niche. Within this phylum most of the genera (7 out of 9, such as Acinetobacter, Ralstonia and Pseudomonas) were not represented in the LM niche. In contrast, all the genera of the Actinobacteria phylum were more abundant in the LM niche. For instance the relative proportion of Bifidobacterium was more than 5 fold higher in the LM compared to the MAM niche.
The observed differences in microbial compositions between the fecal and mucosal niches may be a consequence of the different environments surrounding the 2 niches and are likely to have different physiological implications. For example, the differences in bacterial composition may relate to differences in oxygen tension between the fecal and mucosal niches. 20 Consistent with the recent report by Albenberg et at. 21 the higher oxygen tension in the mucosal niche may be responsible for our finding of increase in proportion of organisms from the Proteobacteria phyla that are rich in aerotolerant bacteria (such as Campylobacter genus- Table 1 ). Other relevant factors including differences in nutrient availability, antibacterial components (e.g., defensins) 22 and the effects of the intestinal mucous factors (e.g., MUC2 mucins) may influence the composition of the MAM. 23 Comparison of bacterial groups in our study with those found by Albenberg et at., 21 further support the finding that specific bacterial groups are unique to the mucosal niche. For example, in our study Proprionibacterium (Actinobacteria) was found in 8 mucosal samples and no fecal sample, and Corynbacterium (Actinobacteria) was found in 7 mucosal samples and only 1 fecal sample. Both aerotolerant bacterial groups are not mentioned in Table 1 , as we could not report a statistical difference between LM and MAM niches. A potential mechanism for an increase of specific bacteria in the mucosal niche (Albenberg et al.) 21 includes expansion of asaccharolytic bacteria (bacteria that require proteinaceous substrates, that are thought to be more common in the mucosal niche due to shedding of intestinal epithelial cells) as energy sources. Indeed, the genera Finegoldia, Anaerococcus and Peptoniphilus (all belonging to the Firmicutes phylum- Table 1 ) and the genus Porphyoromonas (Bacteroidetes phylum) are all significantly more abundant in the mucosal niche compared to the fecal niche and are all asaccharolytic, which is consistent with Albenberg et al.'s study. 21 Some of these findings were supported by gene functional analysis using the PICRUSt software that predicts gene function according to the 16S rRNA sequences. However, it should be noted that the PICRUSt software is limited in its accuracy (about 80%) for prediction of bacterial metagenomes and their function. Despite the differences between the two niches, 11 genera were common to all 44 samples. However, correlation analysis revealed that out of the 68 dominant genera only 4 genera Figure 4 . Ratio of bacterial abundance in mucosa compared to stool. Ratio of bacterial abundance in mucosa compared to stool displaying major differences in dominant taxa at the Phylum/Genus level. demonstrate a strong (rD0.70) and significant correlation between the abundance of genera within the fecal and the MAM. This may suggest that these genera may have important dominant functional role at both the luminal and mucosal microbial niches and perhaps fecal studies of these genera may be extrapolated to the mucosal niche. Our study has several strengths including the carefully selected population to exclude chronic or recurring GI symptoms, GI diseases, conditions (e.g., celiac disease, lactose malabsorption) or recent interventions (e.g., antibiotic treatment or intentional consumption of probiotics) that could affect the intestinal microbiota; collection of fecal and mucosal samples on site at the same day of the analysis; collection of colonic biopsies from unprepped colon; biopsies taken at a single, consistent location in the colon, consistent DNA isolation and sequencing techniques for both niches; and deep sequencing analysis by 454 sequencing. Our study limitations include the LM was investigated from fecal samples representing the overall end product of the entire GI tract luminal microbiota. Furthermore, the biostructure of a fecal sample has been previously documented 24 and had shown different bacterial composition in the inside and outside layers of the sample. Thus, a homogenized fecal sample is a mix of different microbial niches within the fecal sample while the mucosal biopsy represents a single microbial niche from a single site at the distal part of the colon.
In conclusion, taken together our findings demonstrate that the intestinal luminal microbiota (represented by fecal samples) and MAM (represented by the colonic biopsy samples) are distinct microbial ecosystems that differ significantly from each other in diversity and microbial composition.
Our findings highlight the importance of sampling and investigating both the LM and the MAM in intestinal microbiotabased studies. These two microbial ecosystems should be investigated independently to better understand the role of the intestinal microbiota in health and disease conditions.
Methods
Study population
We studied 24 healthy individual volunteers. Inclusion criteria comprised of subjects age 18 or older, any gender, race, or ethnicity. All subjects were evaluated by a physician to exclude GI disease conditions. Healthy individuals had no significant chronic or recurring GI symptoms. Subjects with a history of GI tract surgery other than appendectomy or cholecystectomy, a history of inflammatory bowel diseases (IBD), celiac disease, lactose malabsorption, or other diagnoses that could affect intestinal microbiome were excluded from the study. In addition, participants were excluded if they had a history of antibiotic treatment or intentional consumption of probiotics 2 months prior to the enrolment in the study. Subjects were recruited from the Chapel Hill general population by advertising and from the University of North Carolina (UNC) at Chapel Hill outpatient clinics. The study was approved by the UNC Internal Review Board and all subjects signed a consent form prior to participation in the study.
Sample collection and preparation
Colonic mucosal samples were collected from all subjects during an un-sedated flexible sigmoidoscopy. To avoid the possible effects of a colonic cleansing preparation on the mucosal associated microbiota, all endoscopic procedures were performed on un-prepped colons. Colonic mucosal biopsies were taken from the distal colon just above the rectosigmoid junction using cold biopsy forceps. Once removed from the colon, each biopsy was washed and swirled in 1 ml of sterile PBS to remove non-adherent fecal material. The biopsy samples were then weighed, flash-frozen in liquid nitrogen and stored at ¡80 C for further DNA extraction and molecular microbiological analysis.
Fresh stool samples were collected from the same participants on site immediately prior to the flexible sigmoidoscopy or at home at the same morning of the procedure. Following collection each fecal sample was immediately transferred on ice to the laboratory where it was homogenized, divided into aliquots and stored at ¡80 C for DNA extraction and sequencing analysis. Fecal samples were collected and handled following a recently validated protocol. 25 Extraction of DNA Bacterial DNA was isolated from a total of 20 paired mucosal and fecal and 4 additional fecal samples, for which mucosal samples were not available due to technical reasons. DNA extraction was carried out using a phenol/chloroform extraction method combined with physical disruption of bacterial cells and a DNA clean-up kit (Qiagen DNeasy Ò Blood and Tissue extraction kit [Qiagen, 69504]) as previously described. 26 In brief, 100 mg of frozen feces or a mucosal biopsy was suspended in 750 ml of sterile bacterial lysis buffer (200 mM NaCl, 100 mM Tris [pH 8.0], 20 mM EDTA, 20 mg mL ¡1 lysozyme) and incubated at 37 C for 30 min. Next, 40 ml of proteinase K (20 mg mL ¡1 ) and 85 ml of 10% SDS was added to the mixture and incubated at 65 C for 30 min. 300 mg of 0.1 mm zirconium beads (BioSpec Products, 11079101z) was then added and the mixture and homogenized in a bead beater (BioSpec Products, 112011) for 2 min. The homogenized mixture was cooled on ice and then centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to a new 1.5 ml microfuge tube and fecal DNA was further extracted by phenol/chloroform/iso-amyl alcohol (25:24:1) and then chloroform/iso-amyl alcohol (24:1). Following extraction the supernatant was precipitated by absolute ethanol at ¡20 C for 1 hour. The precipitated DNA was suspended in DNase free H 2 O and then cleaned using the DNeasy Ò Blood and Tissue extraction kit (Qiagen, 69504) from step 3 as per the manufacturer's instructions.
454 pyro-sequencing of 16S rRNA genes Bacterial community composition in isolated DNA samples was characterized by amplification of the V1-3 (forward, 8f:5 0 -AGAGTTTGATCMTGGCTCAG-3 0 ; reverse 518r: 5 0 -ATTACCGCGGCTGCTGG-3 0 ) variable regions of the 16S rRNA gene by polymerase chain reaction (PCR). Forward primers were tagged with 10 bp unique barcode labels at the 5 0 end along with the adaptor sequence (5 0 -CCATCTCA TCCCTGCGTGTCTCCGACTCAG-3 0 ) to allow multiple samples to be included in a single 454 GS FLX Titanium sequencing plate as previously described. 27, 28 16S rRNA PCR products were quantified, pooled, and purified for the sequencing reaction. 454 GS FLX Titanium sequencing was performed on a 454 Life Sciences Genome Sequencer FLX machine (Roche, Florence, SC) at the microbiome core at UNC-Chapel Hill (http://www.med.unc.edu/microbiome).
Analysis of 16S rRNA sequences using the QIIME pipeline 16S rRNA sequence data generated by the 454 GS FLX Titanium sequencer was processed by the quantitative insights into microbial ecology (QIIME) pipeline. 29 Briefly, sequences that were less than 200 bp or greater than 1,000 bp in length, contained incorrect primer sequences, or contained more than 1 ambiguous base were discarded. Operational taxonomic units (OTUs) were picked using BLAST and the Greengenes reference database at a level of 97% similarity. 30 For b diversity (UniFrac distances) we analyzed 1,500 sequences from each sample (losing only one sample with less than 1,000 sequences that was not included in the analysis). This depth was chosen to encompass the majority of samples (n D 43) at an acceptable sequencing depth. UniFrac analysis was used to calculate the distance between OTUs/bacterial communities on a phylogenetic tree and principal coordinates were generated using un-weighted and weighted UniFrac distances for all samples. 19, 31 Weighted and un-weighted UniFrac distances represent compositional dissimilarity/heterogeneity (often refer to as b diversity). However, unweighted analysis considers only the presence or absence of bacterial groups thus, all bacterial groups have similar impact on the UniFrac distances. In weighed analysis the relative abundance of the bacterial groups within the communities is being accounted for and thus, the more abundant bacterial groups have a greater impact on the UniFrac distances. Principal coordinates Analysis (PCoA) plots were used to visualize the similarities or dissimilarities between the fecal and MAM that best represent the pairwise distances between sample groups. Statistical differences in weighted and un-weight UniFrac distances between groups (b diversity) were tested using analysis of similarity (ANOSIMavailable through QIIME) by permutation of group membership with 999 replicates. The test statistic R, which measures the strength of the results, ranges from ¡1 to 1: R D 1 signifies differences between groups, while R D 0 signifies that the groups are identical.
Rarefaction curves were generated by the QIIME software. All reads were pooled for each of the two niches. Sequences were rarefied at 10 sequencing depths in order to best visualize the change in diversity with respect to sampling depth. Samples that had less reads than the sequencing depth of a group sampledwere not included in that group. For example, if a sample has 1,500 reads, it was not included in the statistical analysis of the rarefied data of samples with 2,293, 4,576 or 7,620 reads. The upper bound of rarefaction is the median number of sequences for all samples (7, 620) . Ten sampling intervals were used. The number of observed bacterial species and the Shannon index of diversity (a measure of diversity taking into account richness and evenness of OTUs) 27 were compared following rarefaction of OTUs using a Student's t test. The proportions of dominant bacterial taxa (taxa that appear in at least 25% of samples of within either fecal or mucosal niche) were normalized as previously described 28 and compared using a student's t test. Briefly, to account for variability in depth of sequencing the abundance of each taxon (OTU/Phylum/etc.) in a given sample was normalized by calculating the logged sequence abundance using the following formula: Log 10 [(Frequency / # sequences in sample) *Average # of sequences per sample C1]. The relative proportions of the abundances were calculated and used for all statistics presented. Normalized taxa abundances from both niches were correlated with each other and using Pearson correlation. All results were corrected for multiple comparisons and were considered significant if false discovery rate (FDR) was <0.1.
Gene function prediction
We used PICRUSt 32 to predict and categorize gene function of mucosal and fecal bacteria. We compared categories of bacterial gene function between the mucosa and stool setting a threshold of >2 fold differences between niches with a P < 0.5. Significant differences were reported if an FDR <10% was achieved.
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